Gate voltage effect on electronic transport through the smallest single-molecule magnet (SMM) MnCu [Mn III Cu II Cl(5-Br-sap) 2 (MeOH)] sandwiched between Au(100) electrodes is investigated by spin-polarized density functional theory calculations combined with the Keldysh nonequilibrium Green's technique. Our study demonstrates that a certain gate voltage can induce a switching of the conductance in the equilibrium state. Under a finite bias voltage, negative differential resistance is observed in this system and can be modulated by tuning the gate voltage. More interestingly, current rectification can be achieved at a certain negative gate voltage. These effects can be understood by the responses of the benzene rings and the magnetic core to an external electrical field.
I. INTRODUCTION
Addressing and manipulating single spins may represent the ultimate limit for spintronics and its related industry. Toward this end, a new field of molecular spintronics is emerging, which combines the ideas and the advantages of spintronics and molecular electronics. 1 In this field, single-molecule magnets (SMMs) 2-4 are a promising class of materials because of their impressive quantum effects ranging from quantum tunneling of the magnetization 5, 6 to Berry-phase interference, 7 and quantum coherence. 8 Due to these rich physics behind the magnetic behavior of SMMs, many interesting transport properties of SMMs are reported, such as current-induced magnetic switching, 9 spin diode behavior, 10 tunnel magnetoresistance (TMR) effect, 11 co-tunneling, 12 Kondo effect, 13, 14 negative differential resistance and complete current suppression. 15, 16 In this work, we report an investigation of gate voltage effect on electronic transport properties through the smallest SMM MnCu [Mn III Cu II Cl(5-Br-sap) 2 (MeOH)], 17 based on spin-polarized ab initio calculations. SMM MnCu is chosen as our study object because its electronic transport properties are closely associated with the molecular spin states, which are sensitive to the molecule-electrodes coupling. 18 Meanwhile, this coupling can be tuned by applying a gate voltage, which is a widely used method to modulate transport properties of a molecular conductor. Consequently, gate-tunable transport properties are expected in this two-probe system of SMM MnCu. Our study shows that a gate-induced switching of the equilibrium conductance is obtained in this system. More interestingly, negative differential resistance (NDR) is observed and can be greatly modulated by tuning the gate voltage. Furthermore, rectification effect is achieved at a certain negative gate voltage. This paper is organized as follows. In the next section, we give a brief description of the simulation model and the calculation method. Main results and discussions are presented in Sec. III. A short conclusion is given in Sec. IV.
II. SIMULATION MODEL AND CALCULATION METHOD
Our theoretical calculations were performed with the program Atomistix ToolKit, 19 in which the density-functional theory (DFT) is combined with Keldysh nonequilibrium Green's function (NEGF) method to calculate the electronic and transport properties of nanoscale systems. The technical aspects of this method have been presented in great details by Taylor et al. in Ref. 19 .
The molecular junction we considered is shown in Fig. 1 . An individual SMM MnCu is connected by S atoms to two semi-finite nanoscale Au(100) electrodes. Such nanoelectrodes are periodically arranged with 4, 5, 4, 5, … atoms in the atomic layers along the z direction and has been adopted by many authors in the study of molecular devices. [20] [21] [22] The contact distance (d) between S and Au is chosen to be 2.4 Å . This distance corresponds to the molecular spin state of S z ¼ 2 with a large equilibrium conductance. In our calculations, the exchange-correlation potential takes the form of the Perdew-Burke-Ernzerhof parametrization of generalized gradient approximation. 23 Only valence electrons are self-consistently calculated, and the atomic cores are described by standard norm conserving pseudopotential. 24 The valence wave functions are expanded by localized numerical (pseudo) atomic orbitals, 25 with the single zeta plus polarization basis set for Au atoms and the double zeta plus polarization basis set for other atoms. The Brillouin zone for the electrodes is sampled by a 1 Â 1 Â 100 k-point grid.
Gate effect is simulated by shifting the scattering region part of the Hamiltonian with the gate voltage (converted into a)
Author to whom correspondence should be addressed. Electronic mail: zzeng@theory.issp.ac.cn. an electrostatic potential energy) in the current version of Atomistix ToolKit. This assumes that the gate electrode includes an external potential localized in the scattering region. For metallic electrodes, this will usually be a reasonable approximation. A bias voltage V b is applied across the nano-device to investigate transport properties out of equilibrium, and it drives a steady-state current to flow along the z axis. Electrical current can be obtained via the LandauerBüttiker formula, 26 and at zero temperature it is given by
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is the transmission function of one spin calculated from the Green's function. l l,r is the corresponding electrochemical potential and defined as l l,r (V b ) ¼ l(0) 6 eV b /2, where l(0) is the average Fermi level of the system without bias. The energy region between þeV b /2 and ÀeV b /2, which contributes to the current integral above, is referred to as the bias window.
III. RESULTS AND DISCUSSIONS
The equilibrium conductances for the up-spin and down spin are shown as a function of the gate voltage in Fig. 2(a) . The down-spin conductance is zero in the whole gate range, and thus a 100% spin-filtering is achieved in this system. This fact has indeed been discovered and understood in our previous work. 18 Therefore, the total conductance is discussed in the following, and it has contribution only from the up-spin channel. It is clearly shown that a large conductance is obtained within the gate voltage range from À1. þ and Cuþ through our calculations. For Cuþ, the highest occupied d orbital (HOdO) of Cu ion has two electrons with opposite spin, consequently, the Coulomb repulsion is very strong. Meanwhile, the energy level of this HOdO just lies at the Fermi level of the two-probe system, as shown in Fig. 3(a) . Under gate voltages, positive (negative) gate increases (decreases) the local real-space self-consistent Kohn-Sham effective potential of the magnetic core. It means that positive (negative) gate can shift up (down) energy levels of the magnetic core, relative to the average Fermi level of the two-probe system. When a certain gate voltage is applied to the system, an appropriate empty state is available around N2, O2, O3, and O4 atoms. Then this empty state is easily occupied by one electron from the HOdO of Cu ion due to the strong repulsion between two electrons on the HOdO. Finally, the system changes into a lower energy state of Cu 2 þ and its corresponding density of states is shown in Fig. 3(b) .
Since electronic devices always work under a finite bias voltage in practice, it is essential to gain better understanding of electronic transport properties of SMM MnCu upon application of a finite bias voltage. Therefore, we next explore the gate voltage effect on the I -V characteristics when the system is driven out of equilibrium by a finite bias voltage. In particular, three gate voltages are considered, namely, 0.0 V (zero gate or ZG), À1.0 V (negative gate or NG), and þ 1.0 V (positive gate or PG). Meanwhile, the total current is discussed in the following and it has contribution only from the up-spin channel due to the 100% spin-filtering effect. The I -V characteristics are shown in Fig. 4(a) . In the ZG case, NDR, indicated by an increase followed by a decrease in the I -V curve, is clearly shown both in the positive and in the negative bias regime. But the current peak is located at 0.16 V for the positive bias voltages and À0.10 V for the negative ones. This asymmetry of the I-V curve arises from the asymmetrical molecular structure. We also note that in the whole bias range the molecular spin state always keeps S z ¼ 2 [see Fig. 4(b) ]. Hence the NDR is not caused by the change of the magnetic core states, which determines the molecular spin states. To explore the mechanism of the above NDR, it is necessary to consider the change of the electronic states in the left and right benzene rings, which we call as the ring states of SMM MnCu [see Fig. 2(b) ].
Specifically, we examine the change of the ring states in the negative bias regime. As shown in Fig. 5(a) , a high transmission peak is always within the bias window, when the bias voltage increases from 0.00 V to À0.10 V. This peak is mainly determined by the extended p orbitals (or p z orbitals of C atoms) of the left and right benzene ring, presented in the LDOS of Fig. 5(a) . Then the electronic states of the left ring become localized, and particularly, its p orbitals are gradually replaced by r orbitals, when the bias voltage goes below À0.10 V [see the LDOS in Fig. 5(b) ]. It is well known that the localized electronic states and r orbitals of the benzene are both destructive to electron transmission, in consequence the transmission peak within the bias window is strongly reduced with increase of the bias voltage, as displayed in Fig. 5(b) . As a result, the current decreases with the increasing bias voltage, and NDR is induced.
When the PG is applied, a great change of the I -V curve is observed in the positive bias regime. As illustrated in Fig.  4(a) , the current peak shifts from 0.16 V to 0.10 V as the gate voltage changes from ZG to PG. In addition, the sharp decrease of the current for PG is obviously different from the gradual decrease of that for ZG. These changes in the I -V characteristics are found to be closely related with the variation of the molecular spin state induced by the positive gate voltage. Figure 4(b) shows that the molecular spin state in the positive bias regime makes a transfer from S z ¼ 2 to S z ¼ 5/2 for PG, when the bias goes above 0.12 V. Since less core states for S z ¼ 5/2 are available to electronic transmission [see the LDOS in Fig. 2(b) ], the current peak of PG finally ends at 0.12 V and then sharply drops down. In contrast, the molecular spin state maintains S z ¼ 2 for ZG in this regime, and the current drop is attributed to the response of the ring states to the external electrical field, as shown above. However, the positive gate voltage has very little effect on the magnetic core states in the negative bias regime. The molecular spin state of PG preserves S z ¼ 2 in the bias voltage range from 0.00 V to À0.20 V, the same as in the ZG [see Fig. 4 result, the shape of I -V characteristics for PG does not make any change, compared with that of ZG.
More interestingly, when the NG is applied, although obvious NDR is still observed in the negative bias regime, the current is completely suppressed in the positive bias regime [see Fig. 4(a) ]. Accordingly, the current rectification effect is achieved by applying a negative gate voltage. This rectification of NG actually results from the different molecular spin states for positive bias voltages and negative ones. As illustrated in Fig. 4(b) , the molecular spin state is S z ¼ 5/2 for positive bias voltages and S z ¼ 2 for negative ones in the NG case. Due to the striking difference between the less core states for S z ¼ 5/2 and the extended ones for S z ¼ 2 [see Fig. 2(b) ], the current is strongly suppressed in the positive bias regime but shows a very large value in the negative bias regime.
The modulation of the I -V characteristics under gate voltages is also due to the fact that under certain bias voltages and P(N)G, an appropriate empty state is available by shifting energy levels of the magnetic core. Then Cu þ is changed into Cu 2þ , which results from the strong Coulomb repulsion of electrons in the HOdO. Accordingly, current contributing from zero equilibrium conductance [see Fig. 2(a) ] falls down as bias voltage increasing.
IV. SUMMARY
In this work, we have investigated the gate voltage effect on the transport properties of the two-probe system with a MnCu SMM sandwiched between two nanoscale Au(100) electrodes. Our study demonstrates that a switching of the equilibrium conductance is induced by a certain gate voltage in this two-probe system. In addition, NDR is obtained both in the positive and negative bias regime when no gate voltage is applied. Importantly, the NDR in the positive bias regime can be greatly modulated by tuning the gate voltage. For example, this NDR peak in the positive bias regime is shifted from 0.16 V to 0.10 V when a positive gate voltage is applied. More interestingly, the NDR peak can be completely suppressed by applying a negative gate voltage. Therefore, a current rectification effect is achieved in the NG case. The NDR and rectification effect are interpreted by the responses of the benzene ring states and magnetic core states to the external electrical field. Overall, due to the gate-tunable electronic transport properties, SMM MnCu may find important applications in field-effect electronic devices. 
